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The test program and subsequent data analysis represents a collaborative effort of a technical work group consisting
of representatives from the U.S. Department of Energy, National Laboratories, Engine Manufacturers Association,
and Manufacturers of Emission Controls Association.  The work group prepared this report using methods believed
to be consistent with accepted practice.  All results and observations are based on information available using
technologies that were state-of-the-art at the time of this effort.  To the extent that additional information becomes
available, or factors upon which analyses are based change, the findings could subsequently be affected.
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Section 1
Executive Summary

ES.1   Introduction

7KH 'LHVHO (PLVVLRQ &RQWURO²6XOIXU (IIHFWV +'(&6(, SURJUDP LV D MRLQW JRYHUQPHQW2LQGXVWU\
SURJUDP WR GHWHUPLQH WKH LPSDFW RI GLHVHO IXHO VXOIXU OHYHOV RQ HPLVVLRQ FRQWURO V\VWHPV ZKRVH XVH
FRXOG ORZHU HPLVVLRQV RI QLWURJHQ R[LGHV +12[, DQG SDUWLFXODWH PDWWHU +30, IURP RQ0KLJKZD\
WUXFNV LQ WKH 533505337 PRGHO \HDUV1 7KH SURJUDP LV GHVLJQHG WR HQKDQFH WKH FROOHFWLYH NQRZOHGJH
EDVH RQ HQJLQHV/ GLHVHO IXHOV/ DQG HPLVVLRQ FRQWURO WHFKQRORJLHV LQ D V\VWHPV DSSURDFK WR +4, JXLGH
LQGXVWU\ LQ GHYHORSLQJ ORZHU HPLWWLQJ DSSOLFDWLRQV RI WKHLU SURGXFWV/ DQG +5, SURYLGH D SRUWLRQ RI WKH
WHFKQLFDO EDVLV IRU JRYHUQPHQW GHFLVLRQV RQ UHJXODWLQJ WKH FRQWHQW RI VXOIXU LQ GLHVHO IXHO1

3KDVH 4 RI WKH SURJUDP ZDV GHYHORSHG ZLWK WKH IROORZLQJ REMHFWLYHV LQ PLQG=

+$, (YDOXDWH WKH HIIHFWV RI YDU\LQJ WKH OHYHO RI VXOIXU FRQWHQW LQ WKH IXHO RQ WKH HPLVVLRQ
UHGXFWLRQ SHUIRUPDQFH RI IRXU HPLVVLRQ FRQWURO WHFKQRORJLHV> DQG

+%, 0HDVXUH DQG FRPSDUH WKH HIIHFWV RI XS WR 583 KRXUV RI DJLQJ RQ VHOHFWHG GHYLFHV IRU
PXOWLSOH OHYHOV RI IXHO VXOIXU FRQWHQW1

)RXU HPLVVLRQ FRQWURO WHFKQRORJLHV DUH EHLQJ WHVWHG LQ 3KDVH 4 RI WKH SURJUDP= +4, 12[ DGVRUEHU
FDWDO\VWV> +5, GLHVHO SDUWLFXODWH ILOWHUV +'3),> +6, OHDQ012[ FDWDO\VWV> DQG +7, GLHVHO R[LGDWLRQ FDWDO\VWV
+'2&,1 7KH GHYLFHV EHLQJ WHVWHG LQFOXGH FRPPHUFLDOO\ DYDLODEOH WHFKQRORJLHV DV ZHOO DV VWDWH0RI0WKH0
DUW WHFKQRORJLHV WKDW DUH XQGHU GHYHORSPHQW1 7KH VXOIXU FRQWHQWV LQ WKH WHVW IXHOV DUH 6/ 49 +12[
DGVRUEHU FDWDO\VWV RQO\,/ 63/ 483 DQG 683 SDUWV SHU PLOOLRQ +SSP,1 7KH 60SSP VXOIXU FRQWHQW IXHO
UHSUHVHQWV D GLHVHO IXHO WKDW LV HVVHQWLDOO\ ´VXOIXU0IUHHµ1 7KH HQJLQHV LQ WKH '(&6( SURJUDP
UHSUHVHQW FXUUHQWO\ DYDLODEOH PRGHOV/ DQG WKH\ ZHUH VHOHFWHG WR SURYLGH D UHSUHVHQWDWLYH VRXUFH RI
GLHVHO H[KDXVW DQG YDULRXV H[KDXVW WHPSHUDWXUH SURILOHV WR FKDOOHQJH WKH HPLVVLRQ FRQWURO GHYLFHV1
,PSRUWDQW FKDUDFWHULVWLFV RI WKH H[KDXVW VWUHDP DUH H[KDXVW IORZ UDWH/ VWUHDP WHPSHUDWXUH/ DQG
FRQFHQWUDWLRQV RI 12[/ K\GURFDUERQV ++&,/ FDUERQ PRQR[LGH +&2,/ DQG SDUWLFXODWH PDWWHU +30,1

3DUWLFLSDQWV LQ WKH SURJUDP LQFOXGH UHSUHVHQWDWLYHV IURP WKH 8161 'HSDUWPHQW RI (QHUJ\·V 2IILFH RI
+HDY\ 9HKLFOH 7HFKQRORJLHV ZLWKLQ WKH 2IILFH RI 7UDQVSRUWDWLRQ 7HFKQRORJLHV +277,/ WKH 1DWLRQDO
5HQHZDEOH (QHUJ\ ODERUDWRU\ +15(/,/ 2DN 5LGJH 1DWLRQDO /DERUDWRU\ +251/,/ WKH (QJLQH
0DQXIDFWXUHUV $VVRFLDWLRQ +(0$,/ DQG WKH 0DQXIDFWXUHUV RI (PLVVLRQ &RQWUROV $VVRFLDWLRQ
+0(&$,1

7KLV LV WKH VHFRQG '(&6( ,QWHULP 5HSRUW1 7KH ILUVW '(&6( ,QWHULP 5HSRUW/ SXEOLVKHG 6HSWHPEHU
4/ 4<<</ UHSRUWHG RQ WKH VWDWXV RI WKH WHVW SURJUDPV EHLQJ FRQGXFWHG RQ WKUHH RWKHU WHFKQRORJLHV=
OHDQ012[ FDWDO\VWV/ GLHVHO SDUWLFXODWH ILOWHUV/ DQG GLHVHO R[LGDWLRQ FDWDO\VWV1 $GGLWLRQDO ,QWHULP
5HSRUWV ZLOO IROORZ DV GDWD EHFRPH DYDLODEOH1
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ES.2 NOx Adsorber Catalyst

$ 12[ DGVRUEHU FDWDO\VW LV D IORZ0WKURXJK HPLVVLRQV FRQWURO GHYLFH WKDW WHPSRUDULO\ VWRUHV 12[
HPLVVLRQV GXULQJ W\SLFDO GLHVHO HQJLQH RSHUDWLRQ1 %HIRUH WKH 12[ DGVRUEHQW EHFRPHV IXOO\ VDWXUDWHG/
HQJLQH RSHUDWLQJ FRQGLWLRQV DQG IXHOLQJ UDWHV DUH DGMXVWHG WR SURGXFH D IXHO0ULFK H[KDXVW1 8QGHU
WKHVH ULFK FRQGLWLRQV/ WKH VWRUHG 12[ LV UHOHDVHG IURP WKH DGVRUEHQW DQG VLPXOWDQHRXVO\ UHGXFHG WR
15 RYHU SUHFLRXV PHWDO DGVRUEHU FDWDO\VW VLWHV1

$Q HQJLQH PDQDJHPHQW V\VWHP LV FULWLFDO WR WKH RSHUDWLRQ RI D 12[ DGVRUEHU V\VWHP1 7KH HQJLQH
PDQDJHPHQW V\VWHP PXVW GHWHUPLQH ZKHQ WKH 12[ DGVRUEHQW LV DSSURDFKLQJ VDWXUDWLRQ DQG WKHQ
WULJJHU WKH FKDQJH LQ HQJLQH RSHUDWLRQ WKDW FUHDWHV WKH ULFK FRQGLWLRQ UHTXLUHG IRU UHOHDVH DQG
UHGXFWLRQ RI WKH VWRUHG 12[1

7KH FRQFHUQ ZLWK IXHO VXOIXU LV WKDW 625 LV IRUPHG GXULQJ FRPEXVWLRQ DQG UHOHDVHG LQ WKH H[KDXVW1 ,Q
D 12[ DGVRUEHU FDWDO\VW/ WKLV 625 XQGHUJRHV UHDFWLRQV WKDW DUH DQDORJRXV WR WKRVH RI 12[1
+RZHYHU/ 625 FDQ JHQHUDWH D VWURQJHU DGVRUEDWH +626, ZKHQ FRPSDUHG ZLWK 1251 $V D UHVXOW/ 625 LV
D SRLVRQ IRU WKH 12[ DGVRUSWLRQ VLWHV1

7KH WHVW SURJUDP EHJDQ ZLWK WKH FDOLEUDWLRQ RI WKH HQJLQH PDQDJHPHQW V\VWHP1 7KH JRDO ZDV WR
DFKLHYH/ ZKHQ RSHUDWLQJ ZLWK WKH EDVH IXHO +60SSP VXOIXU,/ D 12[ FRQYHUVLRQ HIILFLHQF\ RI DW OHDVW
;3( DFURVV HQJLQH RSHUDWLQJ WHPSHUDWXUHV RI 583(& WR 833(& ZLWK QR PRUH WKDQ D 7( DYHUDJH
LQFUHDVH LQ IXHO FRQVXPSWLRQ DVVRFLDWHG ZLWK WKH ULFK FDOLEUDWLRQ VWUDWHJ\ GHYHORSHG IRU UHOHDVH DQG
UHGXFWLRQ RI WKH VWRUHG 12[1 7R GHWHUPLQH WKH HIIHFWV RI VXOIXU/ LQFOXGLQJ DJLQJ HIIHFWV/ HPLVVLRQ
HYDOXDWLRQV ZHUH SHUIRUPHG DSSUR[LPDWHO\ HYHU\ 83 KRXUV XVLQJ IXHOV FRQWDLQLQJ 60/ 490/ DQG 630
SSP VXOIXU1 (DFK HYDOXDWLRQ PHDVXUHG 12[ FRQYHUVLRQ HIILFLHQF\ EHWZHHQ 483(& DQG 883(& LQ
83(& LQFUHPHQWV DW 6/333 USP1 7HVWLQJ FRQWLQXHG IRU 583 KRXUV/ RU XQWLO WKH 12[ FRQYHUVLRQ
HIILFLHQF\ GURSSHG WR OHVV WKDQ KDOI RI WKH DYHUDJH HIILFLHQF\ HVWDEOLVKHG LQ WKH LQLWLDO HYDOXDWLRQ ZLWK
60SSP VXOIXU IXHO1

$OWKRXJK WKH LQLWLDO HQJLQH FDOLEUDWLRQ UHVXOWHG LQ ORZHU DGVRUEHU FDWDO\VW FRQYHUVLRQ HIILFLHQF\ WKDQ
DQWLFLSDWHG/ WKH '(&6( 12[ DGVRUEHU WHFKQLFDO FRPPLWWHH GHFLGHG WKDW GDWD RQ WKH HIIHFWV RI
VXOIXU FRXOG QRQHWKHOHVV EH LQYHVWLJDWHG LQ WKH WHPSHUDWXUH UHJLRQV ZKHUH WKH HQJLQH FDOLEUDWLRQ
UHVXOWHG LQ KLJKHU FRQYHUVLRQ HIILFLHQFLHV1 7KHUHIRUH/ WHVWLQJ SURFHHGHG ZLWK WKH LQLWLDO/ OHVV WKDQ
RSWLPDO FDOLEUDWLRQ1

7KH LQWHULP FRQFOXVLRQV DUH=

• 7KH HIIHFW RI IXHO VXOIXU FRQWHQW RQ 12[ DGVRUEHU FRQYHUVLRQ HIILFLHQF\ LV VKRZQ LQ )LJXUH (60
41 7KH ILJXUH LOOXVWUDWHV WKH HIIHFW RI IXHO VXOIXU RQ UHODWLYH 12[ FRQYHUVLRQ HIILFLHQFLHV DW 733(
DQG 783(& DIWHU 483 KRXUV RI WHVWLQJ1 &RPSDUHG WR 60SSP VXOIXU IXHO DW 483 KRXUV/ ERWK 490
DQG 630SSP VXOIXU IXHOV UHVXOWHG LQ VLJQLILFDQW SHUIRUPDQFH GHFOLQHV1

• $OWKRXJK WHVWLQJ ZLWK 60SSP VXOIXU IXHO VKRZHG DQ LQLWLDO GHFOLQH LQ DGVRUEHU FDWDO\VW FRQYHUVLRQ
HIILFLHQF\/ WKH SHUIRUPDQFH VXEVHTXHQWO\ DSSHDUHG WR VWDELOL]H/ RXW WR WKH 5830KRXU SHULRG1
)XUWKHU DJLQJ ZRXOG EH UHTXLUHG WR GHWHUPLQH DGYHUVH DIIHFWV RI 60SSP VXOIXU IXHO EH\RQG WKLV
SRLQW1



10/15/99 3

0.0

0.2

0.4

0.6

0.8

1.0

3 16 30

Fuel Sulfur Level  (ppm)

R
el

at
iv

e 
N

O
x 

C
on

ve
rs

io
n 

Ef
fic

ie
nc

y

400((((C
450((((C

150 Hours Aging

Figure ES-1. Effect of increasing fuel sulfur level on relative NOx conversion efficiency for
150-hour aged NOx adsorber catalyst evaluated at 400((((and 450 °°°°C

• )UHVK 12[ DGVRUEHUV DUH FDSDEOH RI SURYLGLQJ KLJK 12[ FRQYHUVLRQ OHYHOV +H1J1/ PRUH WKDQ ;3(,
DFURVV D EURDG UDQJH RI RSHUDWLQJ WHPSHUDWXUHV ZKHQ FRXSOHG ZLWK DQ RSWLPL]HG HQJLQH ULFK
UHJHQHUDWLRQ FDOLEUDWLRQ/ ZKLOH PDLQWDLQLQJ D IXHO HFRQRP\ SHQDOW\ RI OHVV WKDQ 7(1

7KH LQLWLDO FDOLEUDWLRQ RI WKH HQJLQH PDQDJHPHQW V\VWHP GLG QRW DFKLHYH WKH GHVLUHG OHYHO RI 12[
FRQYHUVLRQ SHUIRUPDQFH DFURVV WKH UDQJH RI RSHUDWLQJ WHPSHUDWXUHV1 0D[LPXP HIILFLHQF\ ZDV
DFKLHYHG DW 783(& DQG ZDV ORZHU WKDQ WKH GHVLUHG OHYHO/ ERWK EHORZ DQG DERYH WKLV WHPSHUDWXUH/ DV
VKRZQ LQ )LJXUH (6051 7KH UHYLVHG FDOLEUDWLRQ/ HVWDEOLVKHG DIWHU DJLQJ WHVWV ZHUH FRPSOHWHG/
SURGXFHG LPSURYHG FRQYHUVLRQ HIILFLHQF\1
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Figure ES-2.  NOx conversion efficiency with initial and revised engine calibration strategies and
identical rich/lean timing

ES.3  Future Work

7KH LQYHVWLJDWLRQV SHUIRUPHG WR GDWH KDYH KLJKOLJKWHG WKH LPSRUWDQFH RI GHYHORSLQJ D SURSHU 12[
UHJHQHUDWLRQ VWUDWHJ\ LQFOXGLQJ ERWK DQ RSWLPL]HG OHDQ2ULFK PRGXODWLRQ F\FOH DQG ULFK HQJLQH
FDOLEUDWLRQ1 6XEVHTXHQW VWXGLHV DUH SODQQHG WR GHWHUPLQH WKH SRWHQWLDO FRQYHUVLRQ HIILFLHQFLHV WKDW
FDQ EH DFKLHYHG ZLWK DQ RSWLPL]HG UHJHQHUDWLRQ VWUDWHJ\ RQ WKH DGVRUEHU FDWDO\VWV WKDW KDYH EHHQ
DJHG ZLWK 60SSP DQG 490SSP VXOIXU IXHO1 7KLV ZLOO IXUWKHU LOOXVWUDWH WKH HIIHFWV RI GLIIHUHQW IXHO
VXOIXU OHYHOV RQ 12[ DGVRUSWLRQ WHFKQRORJ\1 6WUDWHJLHV IRU DGVRUEHU FDWDO\VW GHVXOIXUL]DWLRQ DQG
WKHLU HIIHFWLYHQHVV DW GLIIHUHQW IXHO VXOIXU OHYHOV ZLOO DOVR EH LQYHVWLJDWHG1

$VVXPLQJ WKDW D KLJK0WHPSHUDWXUH HQJLQH F\FOH FDQ EH GHYHORSHG WR GHVXOIXUL]H WKH 12[ DGVRUEHU/ LW
EHFRPHV D PDWWHU RI WUDGLQJ RII IUHTXHQF\ RI GHVXOIXUL]DWLRQ/ IXHO VXOIXU FRQFHQWUDWLRQ/ DQG IXHO
HFRQRP\ SHQDOW\> WKH ORZHU WKH VXOIXU OHYHO WKH OHVV IUHTXHQW GHVXOIXUL]DWLRQ ZLOO EH UHTXLUHG1
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Section 2

Description of Technologies and Tests

2.1 NOx Adsorber Catalyst

2.1.1 Program Overview

7KH UHVXOWV RI WKH '(&6( WHVW SURJUDP GHPRQVWUDWH WKH SRWHQWLDO RI 12[ DGVRUEHU FDWDO\VW
WHFKQRORJ\ DFURVV WKH UDQJH RI GLHVHO HQJLQH RSHUDWLRQ ZLWK D IXHO HFRQRP\ SHQDOW\ OHVV WKDQ 7(1
7KDW SHQDOW\ LV FRQVLVWHQW ZLWK WKDW XVHG IRU WKH OHDQ012[ FDWDO\VWV DOVR EHLQJ HYDOXDWHG LQ WKH
'(&6( WHVW SURJUDP1 7KH UHVXOWV VKRZ KRZ IUHVK DGVRUEHU FDWDO\VW SHUIRUPDQFH LV DIIHFWHG E\
VXOIXU OHYHO DQG KRZ OLPLWHG DJLQJ XS WR 583 KRXUV DIIHFWV WKH SHUIRUPDQFH GHWHULRUDWLRQ UDWH IRU
WKUHH GLIIHUHQW VXOIXU OHYHOV1

2.1.2 Principle of Operation

$ 12[ DGVRUEHU FDWDO\VW LV D IORZ0WKURXJK HPLVVLRQV FRQWURO GHYLFH WKDW KDV WKH SRWHQWLDO WR ORZHU
VLJQLILFDQWO\ 12[/ +&/ DQG &2 HPLVVLRQV IURP GLHVHO HQJLQH H[KDXVW1 %HFDXVH D 12[ DGVRUEHU
FRQWDLQV KLJK OHYHOV RI SUHFLRXV PHWDOV/ LW PD\ DOVR EH HIIHFWLYH LQ R[LGL]LQJ WKH VROXEOH RUJDQLF
IUDFWLRQ RI GLHVHO 301

$ 12[ DGVRUEHU FDWDO\VW LV D WHPSRUDU\ VWRUDJH GHYLFH IRU 12[1 'XULQJ W\SLFDO GLHVHO HQJLQH
RSHUDWLRQ/ 12[ LQ WKH OHDQ H[KDXVW JDV LV VWRUHG DV DQ DONDODL RU DONDOLQH HDUWK QLWUDWH LQ WKH GHYLFH1
%HIRUH WKH 12[ DGVRUEHQW EHFRPHV IXOO\ VDWXUDWHG/ HQJLQH0RSHUDWLQJ FRQGLWLRQV DQG IXHOLQJ UDWHV DUH
DGMXVWHG WR SURGXFH D IXHO0ULFK H[KDXVW1 8QGHU WKHVH ULFK FRQGLWLRQV/ WKH VWRUHG 12[ LV UHOHDVHG
IURP WKH DGVRUEHQW DQG VLPXOWDQHRXVO\ UHGXFHG WR 15 RYHU GRZQVWUHDP SUHFLRXV PHWDO VLWHV RQ WKH
DGVRUEHU FDWDO\VW1

$ 12[ DGVRUEHU FDWDO\VW FRQVLVWV RI WZR SULQFLSDO FRPSRQHQWV= D 12[ DGVRUEHQW DQG D WKUHH0ZD\
FDWDO\VW +7:&,1 7KH 12[ DGVRUEHQW LV W\SLFDOO\ DQ DONDOL RU DONDOLQH HDUWK FDUERQDWH1 7KHVH
FDUERQDWHV DUH FDSDEOH RI FKHPLFDOO\ LQWHUDFWLQJ ZLWK WKH 125 DQG 25 LQ W\SLFDO GLHVHO HQJLQH H[KDXVW
WR IRUP DQ DONDOL RU DONDOLQH HDUWK QLWUDWH1 3UHFLRXV PHWDOV LQ WKH 7:& DUH UHVSRQVLEOH IRU WKH
R[LGDWLRQ RI 12 WR 125/ ZKLFK IDFLOLWDWHV WKH DGVRUSWLRQ SURFHVV1 3HULRGLFDOO\/ 12[ VWRUHG E\ WKH
DGVRUEHQW LV UHOHDVHG DQG UHGXFHG WR 151 7KLV SURFHVV UHTXLUHV D IXHO0ULFK H[KDXVW JDV FRPSRVLWLRQ
DQG D 7:&1 7KHVH FDWDO\VWV DUH W\SLFDOO\ EDVHG RQ FRPELQDWLRQV RI SODWLQXP +3W,/ SDOODGLXP +3G,/
DQG UKRGLXP +5K,/ DQG WKH\ DUH FDSDEOH RI XVLQJ WKH UHGXFWDQWV +&2/ +5/ DQG +&, LQ ULFK HQJLQH
H[KDXVW WR UHGXFH 12[ VHOHFWLYHO\ WR 151 7:&V KDYH EHHQ XVHG IRU PRUH WKDQ 53 \HDUV WR SHUIRUP
12[ UHGXFWLRQ LQ WKH H[KDXVW RI VWRLFKLRPHWULF JDVROLQH HQJLQHV1

$Q HQJLQH PDQDJHPHQW V\VWHP LV FULWLFDO WR WKH RSHUDWLRQ RI D 12[ DGVRUEHU FDWDO\VW V\VWHP1 7KH
HQJLQH PDQDJHPHQW V\VWHP LV SURJUDPPHG WR WULJJHU WKH FKDQJH LQ HQJLQH RSHUDWLRQ WKDW UHVXOWV LQ
JHQHUDWLRQ RI WKH ULFK FRQGLWLRQ UHTXLUHG IRU UHOHDVH DQG UHGXFWLRQ RI WKH VWRUHG 12[1 7KH GXUDWLRQ
DQG ´ULFKQHVVµ +GHILQHG E\ WKH DLU0WR0IXHO UDWLR, RI WKH ULFK SXOVH LV DOVR FULWLFDO1 ,I LW LV WRR ORQJ
DQG2RU WRR ULFK/ +& DQG &2 FDQ EUHDN WKURXJK WKH DGVRUEHU1 7KLV UHVXOWV LQ SRRU FRQWURO RI WKHVH
SROOXWDQWV/ DV ZHOO DV XQQHFHVVDU\ IXHO HFRQRP\ SHQDOWLHV1
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&RPEXVWLRQ LQ WKH HQJLQH RI VXOIXU FRPSRXQGV LQ GLHVHO IXHO UHVXOWV LQ WKH IRUPDWLRQ RI 6251 ,Q D
12[ DGVRUEHU/ WKLV 625 XQGHUJRHV UHDFWLRQV WKDW DUH DQDORJRXV WR WKRVH RI 12[/ DQG DONDOL DQG
DONDOLQH HDUWK VXOIDWHV DUH IRUPHG1 8QOLNH WKHLU FRUUHVSRQGLQJ QLWUDWHV/ WKHVH VXOIDWHV DUH H[WUHPHO\
VWDEOH1 ,W KDV EHHQ VKRZQ UHSHDWHGO\ LQ WKH OLWHUDWXUH +6$( SDSHU QXPEHUV 4<<<034045;8 DQG
<;58<7, WKDW WKH GHFRPSRVLWLRQ RI WKHVH VXOIDWHV UHTXLUHV D FRPELQDWLRQ RI ULFK FRQGLWLRQV DQG
WHPSHUDWXUHV H[FHHGLQJ 933(&1 $V D UHVXOW/ 625 LQ WKH H[KDXVW LV D SRLVRQ IRU 12[ DGVRUSWLRQ VLWHV
ZLWKRXW D SURSHUO\ GHYHORSHG GHVXOIXUL]DWLRQ F\FOH1

7KH '(&6( H[SHULPHQWV DUH SURYLGLQJ GDWD WR DGGUHVV WKH IROORZLQJ VWXG\ TXHVWLRQV=

:KDW LV WKH HIIHFW RI IXHO VXOIXU OHYHO RQ=

• 12[ UHGXFWLRQ HIILFLHQF\
• 5DWH RI GHDFWLYDWLRQ RI DGVRUEHU FDWDO\VW
• 3URGXFWLRQ RI VXOIDWH"

2.1.3 Overview of Test Program

(DFK HTXLYDOHQWO\ IRUPXODWHG 12[ DGVRUEHU GHYLFH ZDV ILUVW WKHUPDOO\ VWDELOL]HG ZLWK 43 KRXUV RI
GHJUHHQLQJ +EUHDN0LQ, LQ HQJLQH H[KDXVW DW 733(&1 1H[W/ WKH UHTXLUHG ULFK DQG OHDQ HQJLQH RSHUDWLQJ
WLPHV ZHUH GHWHUPLQHG/ DQG WKH 12[ FRQYHUVLRQ ZDV PDSSHG RYHU WKH IXOO WHPSHUDWXUH UDQJH
+483(& WR 883(&/ LQ 83(& LQFUHPHQWV,1 $JLQJ RI WKH GHYLFHV WKHQ EHJDQ1 7KH DJLQJ SURFHVV ZDV
LQWHUUXSWHG DW 830KRXU LQWHUYDOV WR PHDVXUH WKH GHYLFH SHUIRUPDQFH DQG WR GRFXPHQW WKH H[WHQW RI
GHWHULRUDWLRQ1 7KH H[SHULPHQWDO PDWUL[ LV VKRZQ LQ 7DEOH 514041

Table 2.1-1.  Tests to Determine Impact of Fuel Sulfur Level on NOx Adsorber Performance
Fuel Sulfur Level (ppm)

Test Purpose 3 16 30

Degreening
Degreen samples for 10 hours
at 400(C while running lean

Determine rich/lean
times to maximize NOx
conversion

3a, 3b
4% maximum fuel penalty

3a, 3b 16a, 16b 30a, 30bPerformance mapping

150(&550(C, in 50(C increments

3a, 3b 16a, 16b 30a, 30bAging hours
Cycle: 150(C&550(C, in 50(C increments, for 20 minutes at each temperature at 3,000
rpm with rich/lean times set for 4% fuel consumption penalty at each point

Periodic re-evaluation
(50, 100, 150, 200, and
250 hours)

Map performance to determine change from fresh conversion efficiency at 50-hour
intervals
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2.1.4 Experimental System

(QJLQH1 *LYHQ WKH XQLTXHQHVV RI WKH UHTXLUHG HQJLQH RSHUDWLQJ V\VWHP/ FRXSOHG ZLWK WKH WLPH
FRQVWUDLQWV IRU WHVWLQJ/ WKH '(&6( 12[ DGVRUEHU WHFKQLFDO FRPPLWWHH UHTXLUHG WKDW WKH WHVW
ODERUDWRU\ KDYH LPPHGLDWH DFFHVV WR D SUHYLRXVO\ GHYHORSHG HQJLQH PDQDJHPHQW V\VWHP WKDW ZRXOG
DOORZ ULFK2OHDQ RSHUDWLRQ IRU D VSHFLILF HQJLQH GHVLJQ1 7KH HQJLQH SURSRVHG E\ WKH VLQJOH ELGGHU/
)(9 (QJLQH 7HFKQRORJ\/ LV D PRGHUQ/ 41<0OLWHU/ 70F\OLQGHU/ KLJK0VSHHG/ GLUHFW0LQMHFWLRQ ++6',,
HQJLQH UDWHG DW ;4 N: DW 7/533 USP1 7KLV HQJLQH XVHV D FRPPRQ0UDLO LQMHFWLRQ V\VWHP1 7KURXJK D
FRPELQDWLRQ RI LQOHW WKURWWOLQJ/ H[KDXVW JDV UHFLUFXODWLRQ +(*5,/ DQG IXHO0LQMHFWLRQ PRGLILFDWLRQV/
WKH HQJLQH DOORZV ULFK2OHDQ RSHUDWLRQ ZLWKRXW DIIHFWLQJ GULYHDELOLW\1 $OWKRXJK WKH HQJLQH
PDQDJHPHQW V\VWHP LV QRW FRPSOHWHO\ UHILQHG/ LW LV UHSUHVHQWDWLYH RI D V\VWHP ZLWK SURGXFWLRQ
SRWHQWLDO1 %HIRUH DJUHHLQJ WR LWV XVH/ WKH '(&6( WHFKQLFDO FRPPLWWHH UHYLHZHG DQG DFFHSWHG WKH
SHUIRUPDQFH DQG HPLVVLRQV GDWD VXSSOLHG IRU WKH SURSRVHG HQJLQH1

)XHO DQG 2LO1 8QGHU FRQWUDFW WR 15(// 3KLOOLSV &KHPLFDO VXSSOLHG IXHO WR )(91 )(9 EOHQGHG
83( +E\ PDVV, RI HDFK RI WKH 60SSP DQG 630SSP IXHOV WR FUHDWH DQ DGGLWLRQDO WHVW IXHO/ QRPLQDOO\
490SSP IXHO1 6KHOO 5RWHOOD 7 48:73 HQJLQH RLO ZDV XVHG1 2LO DQG IXHO VDPSOHV ZHUH URXWLQHO\
FROOHFWHG DQG VXEPLWWHG IRU DQDO\VLV1

$GVRUEHU FDWDO\VW1 7KH 12[ DGVRUEHUV VXSSOLHG WR WKH '(&6( SURJUDP E\ D FDWDO\VW
PDQXIDFWXUHU FRQWDLQ D SUHFLRXV PHWDO IRUPXODWLRQ LQFRUSRUDWLQJ 3W/ 3G/ DQG 5K/ DQG 12[
DGVRUEHQW PDWHULDOV VXSSRUWHG RQ D VLQJOH 4717 FP0GLDPHWHU E\ 4815 FP0ORQJ/ 7330FSVL FHUDPLF
VXEVWUDWH IRU D WRWDO YROXPH RI 518 OLWHUV HDFK1 (DFK RI WKH VXEVWUDWHV LV KRXVHG LQ D VWDLQOHVV VWHHO
VKHOO PHDVXULQJ DSSUR[LPDWHO\ 4815 FP LQ GLDPHWHU E\ DOPRVW 99137 FP LQ OHQJWK/ LQFOXGLQJ WZR 4815
FP0ORQJ E\ :19 FP LQ GLDPHWHU LQOHW DQG RXWOHW SLSHV1 3DLUV RI DGVRUEHU FDWDO\VWV +GHQRWHG D2E, ZHUH
WHVWHG LQ SDUDOOHO1 7KH VDPSOHV XVHG DUH LGHQWLILHG DV 6D/ 6E/ 49D/ 49E/ 63D/ 63E/ 66/ DQG 67/ WR WUDFN
DW ZKLFK IXHO VXOIXU OHYHOV +6/ 49/ 63, WKH WHVWV ZHUH SHUIRUPHG1 +$GVRUEHU FDWDO\VWV 66 DQG 67 ZHUH
VSDUH DGVRUEHU FDWDO\VWV XVHG IRU FDOLEUDWLRQ UHYLVLRQ1,

2.1.5 Special Requirements

(QJLQH 0DQDJHPHQW 6\VWHP1 7KH WHFKQLFDO FRPPLWWHH GHWHUPLQHG WKH DFFHSWDELOLW\ RI WKH
ULFK2OHDQ HQJLQH PDQDJHPHQW V\VWHP E\ HYDOXDWLQJ WKH 12[ FRQYHUVLRQ DFKLHYHG RYHU WKH DGVRUEHU
FDWDO\VW·V WHPSHUDWXUH ZLQGRZ GXULQJ WKH LQLWLDO FDOLEUDWLRQ ZRUN1 3HDN FRQYHUVLRQ ZDV H[SHFWHG WR
EH JUHDWHU WKDQ ;3(/ DQG WKH WHPSHUDWXUH ZLQGRZ ZDV H[SHFWHG WR VKRZ DW OHDVW 63( FRQYHUVLRQ DW
WKH H[WUHPHV RI 483(& DQG 833(& ZKHQ RSHUDWHG ZLWK 60SSP VXOIXU IXHO1 5HVXOWV REWDLQHG DIWHU WKH
FDOLEUDWLRQ DUH VXPPDUL]HG LQ 6HFWLRQV 614 DQG 7141

$OWKRXJK WKH DGVRUEHU HYDOXDWLRQV ZHUH SHUIRUPHG RQ DQ HQJLQH G\QDPRPHWHU/ WKH UHJHQHUDWLRQ
F\FOH ZDV GHYHORSHG ZLWKLQ D FRQVWUDLQW DQG XQGHUVWDQGLQJ WKDW GULYHDELOLW\ VKRXOG QRW EH
FRPSURPLVHG1 7KH PLQLPDO WRUTXH IOXFWXDWLRQV REVHUYHG LQGLFDWH WKDW ULFK2OHDQ PRGXODWLRQ
VWUDWHJLHV ZRXOG QRW VLJQLILFDQWO\ LPSDFW GULYHDELOLW\1 ,Q IDFW/ ZLWK LQFUHDVLQJ HQJLQH ORDG +ZKHUH
12[ LV KLJKHVW DQG WKH FDOLEUDWLRQ SHUKDSV PRUH DJJUHVVLYH,/ WRUTXH IOXFWXDWLRQV GHFUHDVHG WR OHVV
WKDQ 8(1 0RVW OLNHO\/ KRZHYHU/ WKH FDOLEUDWLRQ ZRXOG QHHG WR EH ILQH0WXQHG IRU HDFK DSSOLFDWLRQ WR
DFFRXQW IRU VSHFLILF WRUVLRQDO DQG QRLVH0YLEUDWLRQ KDUVKQHVV +19+, FKDUDFWHULVWLFV1

'HYLFH 'HVXOIXUL]DWLRQ1 1R DWWHPSWV ZHUH PDGH LQ 3KDVH 4 WR GHVXOIXUL]H WKH DGVRUEHU FDWDO\VW
EHFDXVH GLHVHO H[KDXVW JDV WHPSHUDWXUHV GR QRW UHDFK WKH KLJK OHYHO QHFHVVDU\ WR UHPRYH VXOIXU IURP
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WKH DGVRUEHU FDWDO\VW GXULQJ QRUPDO RSHUDWLRQ1 $Q 5)' HIIRUW RQ GHVXOIXUL]DWLRQ ZDV RXWVLGH WKH
VFRSH RI 3KDVH 4/ EXW ZLOO EH LQYHVWLJDWHG LQ 3KDVH 5 RI WKH SURJUDP1

6\VWHPV )OXVKLQJ %HWZHHQ 7HVWV1 7R DYRLG FRQWDPLQDWLRQ/ WKH HQJLQH DQG WHVW FHOO IXHO V\VWHPV
ZHUH IOXVKHG ZKHQ IXHOV ZHUH FKDQJHG1 )XHO ILOWHUV ZHUH FKDQJHG DW WKH VDPH WLPH1 $OVR/ EHFDXVH RI
SRVVLEOH IXHO GLOXWLRQ/ HQJLQH RLO DQG ILOWHUV ZHUH FKDQJHG1

2.1.6 Test Procedure

'HYLFH 6HW08S1 )(9 FRQILJXUHG WKH HQJLQH H[KDXVW IORZ VR WKDW WZR 12[ DGVRUEHU FDWDO\VWV FRXOG
EH WHVWHG VLPXOWDQHRXVO\/ LQFUHDVLQJ WKH VWDWLVWLFDO FRQILGHQFH OHYHO LQ WKH UHVXOWV1

&RQGLWLRQV ZHUH DGMXVWHG WR PDLQWDLQ HTXDO IORZ WKURXJK WKH 12[ DGVRUEHU FDWDO\VWV1 0D[LPXP
EDFN0SUHVVXUH DW WKH HQJLQH ZDV 418µ RI PHUFXU\ XQOHVV )(9 REWDLQHG DGYDQFHG DSSURYDO IURP WKH
'(&6( WHFKQLFDO FRPPLWWHH IRU D YDULDWLRQ1

7HVW 6HTXHQFH1 7HVWLQJ IROORZHG D ILYH0VWHS VHTXHQFH=

• 'HJUHHQLQJ
• 5LFK DQG OHDQ WLPLQJ HQJLQH FRQWURO FDOLEUDWLRQ
• $GVRUEHU FDWDO\VW VDPSOH SHUIRUPDQFH PDSSLQJ
• 'HYLFH DJLQJ
• 3HULRGLF PHDVXUHPHQW DW D VLQJOH WHPSHUDWXUH GXULQJ DJLQJ1

$OO WHVWLQJ ZDV FRQGXFWHG DW 6/333 USP/ SURYLGLQJ RSHUDWLRQ DW D PD[LPXP VSDFH YHORFLW\ RI 83/333
KRXUV041 6WHSV LQ WKH VHTXHQFH DUH GHVFULEHG EHORZ +VHH DOVR 7DEOH 51404,1

'HJUHHQLQJ1 (DFK VHW RI DGVRUEHU FDWDO\VWV ZDV ILUVW WKHUPDOO\ VWDELOL]HG ZLWK D VXEVWLWXWH/ ORZ0
VXOIXU +6 SSP, EDVH IXHO WR H[SHGLWH ZRUN1 'HJUHHQLQJ ZDV FRQGXFWHG DW 733(& DGVRUEHU FDWDO\VW
LQOHW WHPSHUDWXUH DQG 6/333 USP IRU 43 KRXUV1 7KH HQJLQH FRQWURO V\VWHP ZDV VHW WR RSHUDWH OHDQ
RQO\ +QRUPDO GLHVHO RSHUDWLRQ,1

5LFK2/HDQ 7LPH 2SWLPL]DWLRQ1 7KH ULFK2OHDQ HQJLQH PDQDJHPHQW V\VWHP ZDV FDOLEUDWHG ZLWK WKH
WLPHV IRU ULFK DQG OHDQ RSHUDWLRQ PHDQW WR PD[LPL]H 12[ FRQYHUVLRQ/ H[FHSW WKDW WKH IXHO
FRQVXPSWLRQ SHQDOW\ GLG QRW H[FHHG 7( DW DQ\ WHVW SRLQW1 7KLV GHWHUPLQDWLRQ ZDV FDUULHG RXW XVLQJ
WKH EDVH IXHO1 7KH VDPH ULFK2OHDQ WLPH VHWWLQJV IRXQG ZLWK WKH EDVH IXHO ZHUH XVHG IRU WHVWV ZLWK WKH
RWKHU WZR VXOIXU OHYHOV1 &RQYHUVLRQ FDOFXODWLRQV ZHUH EDVHG RQ WKH DYHUDJH RI WKH ODVW : RI D 480F\FOH
VHULHV1

7KH 7( IXHO FRQVXPSWLRQ SHQDOW\ ZDV VHOHFWHG WR SURYLGH D EDVLV RI FRPSDULVRQ ZLWK WKH OHDQ012[
FDWDO\VW WHFKQRORJLHV DOVR EHLQJ HYDOXDWHG LQ WKH '(&6( SURJUDP1

6DPSOH 3HUIRUPDQFH 0DSSLQJ1 $GVRUEHU FDWDO\VW SHUIRUPDQFH PDSV ZHUH GHYHORSHG IRU HDFK RI
WKH WKUHH VXOIXU OHYHOV1 7KH PDSV VKRZ 12[ FRQYHUVLRQ EHWZHHQ 483(& DQG 883(& LQ 83(&
LQFUHPHQWV XVLQJ WKH 7( IXHO SHQDOW\ VHWWLQJV DW 6/333 USP1



10/15/99 9

'HYLFH $JLQJ1 1H[W/ WKH GHYLFHV ZHUH DJHG IRU D QRPLQDO 5830KRXU SHULRG/ VWDUWLQJ ZLWK WKH 60SSP
EDVH IXHO1 7KH WHFKQLFDO FRPPLWWHH VHOHFWHG WKH 5830KRXU SHULRG DIWHU FRQVLGHULQJ SUHYLRXV ZRUN
WKDW VKRZHG PDMRU GHJUDGDWLRQ RI 12[ DGVRUEHU FDWDO\VW FRQYHUVLRQ HIILFLHQF\ LQ OHVV WKDQ 433
KRXUV ZKHQ VXOIXU OHYHOV DUH JUHDWHU WKDQ 433 SSP1 7KLV ILQGLQJ LQGLFDWHG WKDW 583 KRXUV ZDV
VXIILFLHQW WR GHILQH WKH HIIHFW RI VXOIXU RQ 12[ DGVRUEHU WHFKQRORJ\1

7KH DJLQJ F\FOH ZDV FRPSRVHG RI VWHDG\0VWDWH ULFK2OHDQ RSHUDWLRQ IRU 53 PLQXWHV DW HDFK
WHPSHUDWXUH LQ WKH IROORZLQJ VHTXHQFH=

483(&² 583(&² 683(&² 783(&² 883(&² 783(&² 683(&² 583(&² 483(&² UHSHDW

3HULRGLF 0HDVXUHPHQW 'XULQJ $JLQJ1 12[ FRQYHUVLRQ HIILFLHQF\ ZDV PHDVXUHG IRU HDFK VHW RI
VDPSOHV DW 830KRXU LQWHUYDOV GXULQJ WKH DJLQJ WHVWV WR WUDFN WKH SHUIRUPDQFH RI WKH VDPSOHV1
0HDVXUHPHQWV ZHUH FRQGXFWHG XVLQJ WKH VDPH WHVW SURFHGXUH DV WKDW XVHG IRU PDSSLQJ1 $ GHYLFH
ZDV GHILQHG WR KDYH IDLOHG ZKHQ WKH PHDVXUHPHQWV VKRZHG WKDW WKH 12[ FRQYHUVLRQ DYHUDJH RYHU
WKH WHPSHUDWXUH UDQJH KDG GURSSHG E\ 83( RU PRUH IURP WKH IUHVK YDOXH1
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Section 3
Interim Results

3.1 NOx Adsorber Catalyst

3.1.1 Development of Engine Calibration

$Q LPSRUWDQW DVSHFW RI XWLOL]LQJ 12[ DGVRUEHU FDWDO\VW WHFKQRORJ\ LV WR GHILQH HQJLQH RSHUDWLQJ
FRQGLWLRQV WKDW DOORZ IRU WKH FRQYHUVLRQ RI WKH VWRUHG 12[ WR QLWURJHQ DW DQ DSSURSULDWH IUHTXHQF\ ²
WKDW LV EHIRUH D VXIILFLHQW QXPEHU RI WKH DGVRUSWLRQ VLWHV DUH RFFXSLHG WR UHVXOW LQ VLJQLILFDQW
EUHDNWKURXJK RI 12[1 7KLV LV DFFRPSOLVKHG E\ GHILQLQJ D OHDQ0WR0ULFK PRGXODWLRQ VWUDWHJ\ ZKLOH
SD\LQJ FORVH DWWHQWLRQ WR WKH UHVXOWDQW H[KDXVW WHPSHUDWXUHV DQG 12[/ +&/ DQG &2 FRQFHQWUDWLRQV1
,Q RUGHU WR REWDLQ WKH DSSURSULDWH FRQGLWLRQV IRU WKH UHOHDVH DQG VXEVHTXHQW FRQYHUVLRQ RI WKH 12[
HPLVVLRQV WR QLWURJHQ/ VWUDWHJLHV VXFK DV DOWHULQJ HQJLQH IXHO LQMHFWLRQ WLPLQJ DQG UDWH/ WKURWWOLQJ/ DQG
(*5 FDQ EH HPSOR\HG1 $ JRDO RI WKLV WHVW SURJUDP ZDV WR GHILQH D OHDQ2ULFK PRGXODWLRQ WKDW
UHVXOWHG LQ QR PRUH WKDQ D 7 ( IXHO HFRQRP\ SHQDOW\ DQG QR PRUH WKDQ D 43 ( YDULDWLRQ LQ ORDG1

)(9 LQLWLDWHG WKH OHDQ2ULFK RSWLPL]DWLRQ SURFHVV FRQVLGHULQJ WKHVH ERXQGDU\ FRQGLWLRQV1 'LIIHUHQW
WLPLQJV IRU ERWK WKH OHDQ DQG ULFK SHULRGV ZHUH LQYHVWLJDWHG/ IURP 63 WR 433 VHFRQGV IRU WKH OHDQ
SHULRG DQG IURP 5 WR 8 VHFRQGV IRU WKH ULFK SHULRG1 ,Q RUGHU WR GHPRQVWUDWH WKH SRVVLEOH UHGXFWLRQV
DIIRUGHG E\ 12[ DGVRUEHUV/ D OHDQ2ULFK WLPLQJ F\FOH RI 63 VHFRQGV RI OHDQ RSHUDWLRQ IROORZHG E\ 8
VHFRQGV RI ULFK RSHUDWLRQ ZDV VWXGLHG1 )LJXUH 61404 VKRZV WKH UHVXOWV RI XVLQJ VXFK D WLPLQJ VWUDWHJ\
DW DQ H[KDXVW JDV WHPSHUDWXUH RI 783R&1 $V LQGLFDWHG/ YHU\ KLJK 12[ FRQYHUVLRQV FDQ EH DFKLHYHG ²
LQ H[FHVV RI <8( IRU ERWK DGVRUEHU FDWDO\VWV WHVWHG1 +RZHYHU/ HPSOR\LQJ WKLV VWUDWHJ\ DOVR UHVXOWHG
LQ D IXHO HFRQRP\ SHQDOW\ RI 91;(/ RXWVLGH RI WKH SURJUDP·V WDUJHW RI 7(1

$IWHU VWXG\LQJ RSWLRQDO WLPLQJV/ WKH F\FOH WLPLQJ VWUDWHJ\ VKRZQ LQ 7DEOH 61404 ZDV VHOHFWHG1 7KLV
VWUDWHJ\ PHW ERWK WKH IXHO HFRQRP\ DQG ORDG IOXFWXDWLRQ FRQVWUDLQWV RXWOLQHG DERYH1

Table 3.1-1.  Cycle-Timing Strategy
Temperature Point [°C] 150 200 250 300 350 400 450 500 550
Lean Timing 60 60 60 60 60 60 60 70 80
Rich Timing 2 2.5 3 3.5 4 4 4 4 4

7KLV VWUDWHJ\ UHVXOWHG LQ D SHDN 12[ UHGXFWLRQ RI DOPRVW ;3( DQG D ELPRGDO FRQYHUVLRQ ZLWK YHU\
OLWWOH UHGXFWLRQ DW 683R& DV VKRZQ LQ )LJXUH 614051 2QH VKRUWFRPLQJ LQ WKH HQJLQH ULFK UHJHQHUDWLRQ
VWUDWHJ\ LV WKDW WKH ULFK HQJLQH FDOLEUDWLRQ ZDV QRW RSWLPL]HG IRU DOO WHPSHUDWXUH FRQGLWLRQV1 7KLV
EHFDPH DSSDUHQW RQO\ DIWHU DJLQJ KDG DOUHDG\ EHJXQ1 $OWKRXJK LW ZDV UHFRJQL]HG WKDW IXUWKHU
RSWLPL]DWLRQ RI D WLPLQJ VWUDWHJ\ FRXOG EH SHUIRUPHG WR H[KLELW KLJKHU 12[ FRQYHUVLRQ HIILFLHQFLHV/
WKH WHFKQLFDO FRPPLWWHH DJUHHG WKDW WKH REMHFWLYH RI WKH SURJUDP FRXOG EH LQYHVWLJDWHG ZLWK WKH
LQLWLDO FDOLEUDWLRQ1 3ODQV ZHUH PDGH IRU IXUWKHU RSWLPL]DWLRQ RI WKH HQJLQH ULFK FDOLEUDWLRQ DW WKH HQG
RI WKH SURJUDP1
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Figure 3.1-1.  Engine torque, fuel consumption, and NOx at 450((((C for 30/5s lean/rich sequence
with 3-ppm sulfur fuel

:LWK WKLV ILUVW HQJLQH FDOLEUDWLRQ DQG WKH LQKHUHQW FRQYHUVLRQ PHFKDQLVPV DVVRFLDWHG ZLWK 12[
DGVRUSWLRQ WHFKQRORJ\/ LW LV FKDOOHQJLQJ WR LQWHUSUHW WKH HIIHFW RI IXHO VXOIXU RQ WKH DGVRUEHUV LQ WKH
ORZ WHPSHUDWXUH UHJLRQV IRU WKH WKUHH IXHOV WHVWHG/ DV ZLOO ODWHU EH GLVFXVVHG1 $OVR/ WKH DELOLW\ WR
DGMXVW WKH OHDQ2ULFK PRGXODWLRQV IRU FKDQJHV/ DVVRFLDWHG ZLWK QRUPDO DGVRUEHU DJLQJ/ LQ DQ
DGVRUEHU·V DGVRUSWLRQ/ GHVRUSWLRQ/ DQG VXEVHTXHQW FRQYHUVLRQV/ ZDV QRW LQYHVWLJDWHG DV D SDUW RI
3KDVH 41 $ GLVFXVVLRQ RI KRZ OHDQ2ULFK PRGXODWLRQV FDQ EH PRGLILHG WR LQVXUH KLJK FRQYHUVLRQ
HIILFLHQFLHV DV QRUPDO DGVRUEHU FDWDO\VW DJLQJ RFFXUV LV FRQWDLQHG LQ 6HFWLRQ 614161
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Figure 3.1-2.  NOx conversion efficiency using the initial calibration on a zero-hour aged adsorber
catalyst pair using 3-ppm sulfur fuel

7RZDUG WKH HQG RI 3KDVH 4/ DIWHU WKH DJLQJ VWXGLHV KDG EHHQ FRPSOHWHG/ IXUWKHU DGMXVWPHQWV WR WKH
HQJLQH ULFK FDOLEUDWLRQ ZHUH SHUIRUPHG WR VHH LI D PRUH UREXVW FDOLEUDWLRQ FRXOG EH GHYHORSHG1 7KH
UHVXOWV RI WKH UHYLVHG FDOLEUDWLRQ DUH FRPSDUHG ZLWK WKH ROG FDOLEUDWLRQ IRU D IUHVK DGVRUEHU FDWDO\VW
SDLU LQ )LJXUH 614061 7KHVH UHVXOWV ZHUH DFKLHYHG ZLWKRXW H[FHHGLQJ WKH 7( IXHO FRQVXPSWLRQ
SHQDOW\ PD[LPXP1

$V FDQ EH VHHQ/ WKH QHZ VWUDWHJ\ SURYLGHG PRUH UHGXFWDQWV WKDW VLJQLILFDQWO\ LPSURYHG FRQYHUVLRQ
HIILFLHQF\ RYHU D EURDG WHPSHUDWXUH UDQJH/ KLJKOLJKWLQJ WKH LPSRUWDQFH RI HQJLQH FDOLEUDWLRQ1
&RQYHUVLRQV RI PRUH WKDQ ;3( ZHUH DFKLHYHG EHWZHHQ WKH WHPSHUDWXUHV RI DSSUR[LPDWHO\ 633( DQG
783(&/ LQGLFDWLQJ WKDW WKH GLS DVVRFLDWHG ZLWK WKH LQLWLDO VWUDWHJ\ DW 683(&/ DV ZHOO DV WKH UHODWLYHO\
ORZ FRQYHUVLRQV DW ORZ DQG KLJK WHPSHUDWXUHV/ ZDV D UHVXOW RI DQ LPSURSHU LQLWLDO FDOLEUDWLRQ1 7KH
LPSURYHG SHUIRUPDQFH RI WKH DGVRUEHU FDWDO\VW FDQ EH DWWULEXWHG WR LPSURYHG HQJLQH FDOLEUDWLRQ/
ZKLFK UHVXOWHG LQ DQ LQFUHDVHG OHYHO RI UHGXFWDQWV ZKLOH OHDYLQJ HQJLQH0RXW 12[ XQFKDQJHG1
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Figure 3.1-3.    NOx conversion efficiency for spare adsorber catalyst pair with 3-ppm sulfur fuel,
with initial and revised engine calibration strategy and identical rich/lean timing

3.1.2 Investigation of Sulfur Effects

8VLQJ WKH LQLWLDO/ XQRSWLPL]HG FDOLEUDWLRQ/ WKH HIIHFWV RI WKUHH IXHO VXOIXU OHYHOV +60SSP/ 490SSP/ DQG
630SSP, RQ 12[ DGVRUEHU WHFKQRORJ\ ZHUH LQYHVWLJDWHG1 'XULQJ WKH HYDOXDWLRQV/ RLO DQG IXHO
VDPSOHV ZHUH DQDO\]HG1 (QJLQH RLO FRQVXPSWLRQ ZDV PHDVXUHG RYHU WKH GXUDWLRQ RI WHVWLQJ WR
HQVXUH WKDW LW ZDV VWDEOH DQG ZLWKLQ WKH UDQJH H[SHFWHG IRU WKH HQJLQH GHVLJQ1 1R DEQRUPDO
FRQGLWLRQV ZHUH IRXQG/ ZLWK DYHUDJH RLO FRQVXPSWLRQ ZHOO ZLWKLQ WKH UDWH H[SHFWHG1 7KH UHVXOWV RI
WKH VDPSOH DQDO\VLV ZLOO EH UHSRUWHG LQ WKH '(&6( ILQDO UHSRUW1

)LJXUHV 61407/ 61408/ DQG 61409 VKRZ DYHUDJH DGVRUEHU SHUIRUPDQFH IRU DGVRUEHUV DJHG ZLWK 60/ 490/
DQG 630SSP VXOIXU IXHO DW 3/ 433/ 483/ DQG 583 KRXUV RI DJLQJ/ DORQJ ZLWK WKH IUHVK DGVRUEHU FDWDO\VW
+]HUR KRXUV, SHUIRUPDQFH1

7R EHVW XQGHUVWDQG WKH UHVXOWV JHQHUDWHG GXULQJ WHVWLQJ/ WKH GDWD IRXQG DW WHPSHUDWXUHV RI 633(/
733(/ DQG 783(& FDQ EH XVHG1
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Figure 3.1-4.  Effect of aging on NOx conversion efficiency with 3-ppm sulfur fuel for the analysis
temperature range from 150(((( to 550((((C
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Figure 3.1-5. Effect of aging on NOx conversion efficiency with 16-ppm sulfur fuel for the analysis
temperature range from 150(((( to 550((((C
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Figure 3.1-6. Effect of aging on NOx conversion efficiency with 30-ppm sulfur fuel for the analysis
temperature range from 150(((( to 550((((C

)LJXUH 6140: LOOXVWUDWHV WKH UHVXOWV DW 633(&1 $V VKRZQ/ WKH DYHUDJH SHUIRUPDQFH RI ERWK WKH
DGVRUEHU FDWDO\VWV DJHG ZLWK 60 DQG 490SSP IXHOV DSSHDUHG WR GHJUDGH ZLWK FRQWLQXHG H[SRVXUH/
ZLWK WKH DYHUDJH SHUIRUPDQFH RI WKH DGVRUEHU FDWDO\VWV H[SRVHG WR 60SSP IXHO DSSHDUHG WR LPSURYH
VOLJKWO\ LQ WKH ODVW 83 KRXUV RI WHVWLQJ1 2Q WKH RWKHU KDQG/ WKH LQLWLDO FRQYHUVLRQ HIILFLHQF\ RI WKH
DGVRUEHU FDWDO\VWV WHVWHG ZLWK 630SSP VXOIXU IXHO ZDV OHVV WKDQ 53( DQG UHPDLQHG UHODWLYHO\
FRQVWDQW WKURXJKRXW WKH DJLQJ F\FOH.  7KH ORZ FRQYHUVLRQV DQG LQFRQVLVWHQW UHVXOWV DW 633(& PDNH
WKH LQWHUSUHWDWLRQ RI VXOIXU HIIHFWV FKDOOHQJLQJ DW WKLV WHPSHUDWXUH SRLQW +VHH WKH GLVFXVVLRQ LQ
6HFWLRQ 61406,1

,Q RUGHU WR EHWWHU XQGHUVWDQG WKH HIIHFWV RI VXOIXU RQ WKH SHUIRUPDQFH FDSDELOLW\ RI 12[ DGVRUEHU
WHFKQRORJ\ DW ORZHU WHPSHUDWXUHV/ H1J1/ 633(&/ D GLIIHUHQW ULFK HQJLQH FDOLEUDWLRQ VWUDWHJ\ IRU
DGVRUEHU 12[ UHJHQHUDWLRQ +DFFRXQWLQJ IRU VSDFH YHORFLWLHV/ DQWLFLSDWHG DJLQJ/ DQG KLJKHU 12[

FRQYHUVLRQ HIILFLHQFLHV, ZRXOG QHHG WR EH LQYHVWLJDWHG1 1RQHWKHOHVV/ GDWD REWDLQHG DW 733( DQG
783(& +ZKHUH FRQYHUVLRQ HIILFLHQF\ VHQVLWLYLWLHV WR VSDFH YHORFLWLHV DQG OLJKW0RII LVVXHV DUH PXFK
UHGXFHG, FDQ EH XVHG WR HYDOXDWH WKH HIIHFWV RI GLIIHUHQW VXOIXU OHYHOV RQ 12[ DGVRUEHU WHFKQRORJ\1
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Figure 3.1-7. Effect of fuel sulfur level on NOx conversion efficiency versus aging up to 250 hours
at the 300((((C analysis temperature

5HVXOWV IURP WHVWV FRQGXFWHG DW 733( DQG 783(&/ VKRZQ LQ )LJXUHV 6140; DQG 6140</ IXUWKHU
GHPRQVWUDWH WKH GHWULPHQWDO HIIHFWV RI IXHO VXOIXU RQ WKH SHUIRUPDQFH RI 12[ DGVRUEHUV1 $OWKRXJK
WKHUH LV VLJQLILFDQW YDULDWLRQ LQ FRQYHUVLRQ HIILFLHQFLHV GXULQJ WKH ILUVW 83 KRXUV RI WHVWLQJ +JHQHUDOO\
EHWZHHQ 73( WR ;3(,/ 12[ FRQYHUVLRQ HIILFLHQFLHV ZLWK 60SSP VXOIXU IXHO UHPDLQ UHODWLYHO\
FRQVWDQW WKURXJK 583 KRXUV RI DJLQJ1 2Q WKH RWKHU KDQG/ DGVRUEHUV DJHG ZLWK 490 DQG 630SSP
VXOIXU IXHO VKRZHG D FRQWLQXHG DQG UDSLG GHFOLQH LQ SHUIRUPDQFH1 :LWK 490SSP IXHO/ WHVWLQJ ZDV
DEDQGRQHG DW 533 KRXUV RI DJLQJ ZKHQ WKH FRQYHUVLRQ HIILFLHQF\ GURSSHG EHORZ 53( DW DOO
WHPSHUDWXUHV1 7KLV RFFXUUHG PRUH UDSLGO\ +DW 483 KRXUV, ZLWK WKH 630SSP VXOIXU IXHO1
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Figure 3.1-8. Effect of fuel sulfur level on NOx conversion efficiency for aging up to 250 hours at
the 400((((C analysis temperature



10/15/99 17

0

10

20

30

40

50

60

70

80

-10 40 90 140 190 240
Catalyst Aging  (hours)

N
O

x 
C

on
ve

rs
io

n 
Ef

fic
ie

nc
y 

 (%
)

  3-ppm S
 16-ppm S
 30-ppm S

450((((C

Figure 3.1-9.  Effect of fuel sulfur level on NOx conversion efficiency for aging up to 250 hours at
the 450((((C analysis temperature

7KH LQWHJUDWHG UHVXOWV DUH VKRZQ LQ )LJXUH 614043/ VXPPDUL]LQJ GDWD IURP )LJXUHV 61407/ 61408/ DQG
61409/ RYHU WKH DQDO\VLV WHPSHUDWXUHV RI 483( WR 883(&1 5HFRJQL]H WKDW WKH LQWHJUDWHG FRQYHUVLRQ
HIILFLHQFLHV DUH VLJQLILFDQWO\ DIIHFWHG E\ WKH ORZHVW FRQYHUVLRQ HIILFLHQFLHV +HVSHFLDOO\ DW ORZ
WHPSHUDWXUHV,/ ZKLFK UHVXOWHG IURP WKH LQLWLDO HQJLQH ULFK FDOLEUDWLRQ VWUDWHJ\1 7KHUH LV D FOHDU HIIHFW
RI ERWK DJH DQG IXHO VXOIXU OHYHO RQ WKH GHFD\ RI 12[ FRQYHUVLRQ HIILFLHQF\1 7KH GHJUHH RI 12[
FRQYHUVLRQ HIILFLHQF\ GHJUDGDWLRQ LQFUHDVHV ZLWK LQFUHDVLQJ IXHO VXOIXU OHYHO1
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Figure 3.1-10.  Integrated NOx conversion from 250(((( to 500 °°°°C as a function of age and fuel sulfur
level



10/15/99 18

7R IXUWKHU YHULI\ WKH DGYHUVH HIIHFWV RI IXHO VXOIXU RQ WKH FRQYHUVLRQ HIILFLHQF\ RI 12[ DGVRUEHU
FDWDO\VWV/ WKH DGVRUEHU SDLU DJHG IRU 583 KRXUV ZLWK 60SSP VXOIXU IXHO DQG WKH DGVRUEHU SDLU DJHG IRU
533 KRXUV ZLWK 490SSP IXHO ZHUH UHWHVWHG XVLQJ WKH UHYLVHG FDOLEUDWLRQ VKRZQ LQ )LJXUH 614061

)LJXUH 614044 FRPSDUHV WKH DYHUDJH FRQYHUVLRQ HIILFLHQF\ RI DGVRUEHU FDWDO\VWV DJHG RQ 60 DQG 490
SSP IXHO1 7KHVH GDWD VKRZ WKDW WKH DYHUDJH FRQYHUVLRQ HIILFLHQF\ RI WKH DGVRUEHU FDWDO\VWV DJHG RQ
490SSP IXHO ZDV VHYHUHO\ GHJUDGHG FRPSDUHG WR WKH DYHUDJH FRQYHUVLRQ HIILFLHQF\ RI WKH DGVRUEHU
FDWDO\VWV DJHG RQ 60SSP IXHO1
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Figure 3.1-11.  Effect of fuel sulfur level on NOx conversion efficiency on 3-ppm sulfur adsorber
catalysts (250 hours of aging) and 16-ppm sulfur adsorber catalysts (200 hours of aging) with

revised engine management calibration

$ FRQFHUQ H[LVWV WKDW HYHQ ORZ OHYHOV RI VXOIXU +H1J1/ 6 SSP, ZLOO HYHQWXDOO\ GHJUDGH 12[ DGVRUEHU
SHUIRUPDQFH/ EXW LW LV SRVVLEOH +WKHRUHWLFDOO\, WKDW DQ DGVRUEHU FDWDO\VW GHVXOIXUL]DWLRQ VWUDWHJ\ FDQ EH
GHYHORSHG1 7KLV VWUDWHJ\ ZRXOG EH XVHG WR UHPRYH WKH VXOIXU FRPSRXQGV IURP WKH 12[ VWRUDJH
VLWHV/ WKHUHE\ UHJDLQLQJ DGVRUEHU FDWDO\VW SHUIRUPDQFH1 7KH LQYHVWLJDWLRQ DQG GHYHORSPHQW RI VXFK D
F\FOH LV SODQQHG IRU 3KDVH 5 RI WKH '(&6( SURJUDP1 7KLV ZRUN ZLOO LQYHVWLJDWH WKH RSHUDWLQJ
SDUDPHWHUV DQG FRQGLWLRQV UHTXLUHG WR GHVXOIXUL]H 12[ DGVRUEHUV/ WKH HIIHFW RI VXOIXU OHYHOV RQ WKH
GHJUHH WR ZKLFK WKH DGVRUEHU FDWDO\VWV FDQ EH GHVXOIXUL]HG/ DQG WKH LPSDFW RI GHVXOIXUL]LQJ
SURFHGXUHV RQ IXHO HFRQRP\ DV D IXQFWLRQ RI IXHO VXOIXU OHYHO1 ,W LV DQWLFLSDWHG WKDW WKH LQYHVWLJDWLRQ
ZLOO SURYLGH YDOXDEOH LQIRUPDWLRQ RQ WKH OHYHO RI VXOIXU LQ GLHVHO IXHO WKDW ZLOO EH UHTXLUHG WR PDNH
12[ DGVRUEHU WHFKQRORJ\ FRPPHUFLDOO\ YLDEOH1 7KH ZRUN FDUULHG RXW LQ WKLV SDUW RI WKH '(&6(
SURJUDP GHPRQVWUDWHV WKH EHQHILW RI YHU\ ORZ OHYHOV RI VXOIXU LQ GLHVHO IXHO RQ 12[ DGVRUEHU FDWDO\VW
WHFKQRORJ\ DQG DOVR GHPRQVWUDWHV WKH 12[ UHGXFWLRQ SRWHQWLDO RI WKH WHFKQRORJ\1 $GGLWLRQDO DJLQJ
RI WKH 60SSP DGVRUEHU FDWDO\VW SDLU ZRXOG DOVR GHPRQVWUDWH ZKHWKHU RU QRW WKH GHFOLQH LQ
SHUIRUPDQFH IRXQG RYHU D 583 KRXU SHULRG KDG LQGHHG VWDELOL]HG/ RU LI GHJUDGDWLRQ ZLWK FRQWLQXHG
H[SRVXUH WR VXOIXU FRXOG EH H[SHFWHG1
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3.1.3 Discussion of Limitations of the Initial Engine Calibration Used in the Test
Program

$OWKRXJK WKH HIIHFWV RI GLIIHUHQW IXHO VXOIXU OHYHOV RQ 12[ DGVRUEHU FDWDO\VW WHFKQRORJ\ FRXOG EH
GHPRQVWUDWHG XVLQJ WKH LQLWLDO HQJLQH FDOLEUDWLRQ VWUDWHJ\ GHYHORSHG DV D SDUW RI WKLV WHVW SURJUDP +DV
RXWOLQHG LQ 6HFWLRQ 61415,/ WKH VWUDWHJ\ ZDV QRW RSWLPL]HG WR VKRZ WKH SRWHQWLDO 12[ UHGXFWLRQV WKDW
FDQ EH DFKLHYHG XVLQJ 12[ DGVRUEHU FDWDO\VW WHFKQRORJ\1 7KH VKRUWFRPLQJV RI WKH FDOLEUDWLRQ FDQ
EH VHHQ LQ )LJXUH 61406 +RQ SDJH 46, WKDW FRPSDUHV WKH UHVXOWLQJ 12[ FRQYHUVLRQ HIILFLHQFLHV RQ D
SDLU RI VSDUH DGVRUEHU FDWDO\VWV IRU ERWK WKH LQLWLDO FDOLEUDWLRQ DQG WKH UHYLVHG FDOLEUDWLRQ1

$V LQGLFDWHG LQ WKH ILJXUH/ WKH QHZ VWUDWHJ\ VLJQLILFDQWO\ LPSURYHG FRQYHUVLRQ HIILFLHQF\ RYHU D EURDG
WHPSHUDWXUH UDQJH/ KLJKOLJKWLQJ WKH LPSRUWDQFH RI HQJLQH FDOLEUDWLRQ1 &RQYHUVLRQV RI PRUH WKDQ
;3( ZHUH DFKLHYHG EHWZHHQ WKH WHPSHUDWXUHV RI DSSUR[LPDWHO\ 633( DQG 783(&/ LQGLFDWLQJ WKDW WKH
GLS DVVRFLDWHG ZLWK WKH LQLWLDO VWUDWHJ\ DW 683(&/ DV ZHOO DV WKH UHODWLYHO\ ORZ FRQYHUVLRQV DW ORZ DQG
KLJK WHPSHUDWXUHV/ ZDV D UHVXOW RI DQ LPSURSHU LQLWLDO FDOLEUDWLRQ1 $QDO\VLV RI WKH GDWD LQGLFDWHG WKDW
HQJLQH0RXW 12[ HPLVVLRQV ZHUH WKH VDPH IRU ERWK FDOLEUDWLRQV/ VXSSRUWLQJ WKH FRQFOXVLRQ WKDW
LPSURYHG SHUIRUPDQFH RI WKH DGVRUEHU FDQ EH DWWULEXWHG WR LPSURYHG HQJLQH FDOLEUDWLRQ DQG QRW D
FKDQJH LQ OHDQ HQJLQH0RXW 12[ HPLVVLRQV1 7KH UHYLVHG FDOLEUDWLRQ UHVXOWHG LQ LQFUHDVHV LQ H[KDXVW
&2 DQG +&/ DQG WKH &2=+& UDWLR GXULQJ WKH ULFK RSHUDWLQJ SHULRG/ ZLWKRXW FKDQJLQJ OHDQ0SHULRG
12[1 7KH &2 DQG +WR D OHVVHU H[WHQW, WKH +& DFW DV UHGXFWDQWV IRU WKH VWRUHG 12[ ZKHQ LW LV
UHOHDVHG IURP WKH DGVRUEHU FDWDO\VW GXULQJ WKH ULFK SHULRG1

$Q H[DPLQDWLRQ RI WKH GDWD JHQHUDWHG RQ WKH LQLWLDO HQJLQH FDOLEUDWLRQ DV SDUW RI 3KDVH 4 VKRZV D
KLJK YDULDELOLW\ LQ 12[ FRQYHUVLRQ HIILFLHQFLHV IRU IUHVK FDWDO\VWV DW 633(& IRU WKH IRXU VHWV RI
FDWDO\VW SDLUV WHVWHG/ DV VKRZQ LQ 7DEOH 614051

Table 3.1-2.  Fresh Conversion Efficiencies at 300((((C
Catalyst Pair Fresh* Conversion Efficiency

Pair Tested on 3-ppm Sulfur Fuel 56%
Pair Tested on 16-ppm Sulfur Fuel 53%
Pair Tested on 30-ppm Sulfur Fuel 17%
Spare Pair Tested on 3-ppm Sulfur Fuel 5.7%
-µ)UHVKµ LQGLFDWHV WKH GHJUHHQHG FDWDO\VW0SDLU DYHUDJH GXULQJ WKH PDSSLQJ WHVW DW OHVV WKDQ 43 KRXUV RI DJLQJ1

$V VKRZQ DERYH/ WKH ULFK HQJLQH FDOLEUDWLRQ XVHG IRU 12[ UHJHQHUDWLRQ LQ WKH WHVWLQJ UHVXOWHG LQ ORZ
DQG LQFRQVLVWHQW SHUIRUPDQFH IRU WKH DGVRUEHU FDWDO\VWV DW 633(&1 7KLV VXJJHVWV WKDW PRUH DWWHQWLRQ
WR WKH HQJLQH ULFK FDOLEUDWLRQ VWUDWHJ\ DW WKLV WHVW SRLQW PD\ KDYH UHVXOWHG LQ LPSURYHG DGVRUEHU
FDWDO\VW SHUIRUPDQFH1 7KHVH ORZ FRQYHUVLRQV DOVR PDNH WKH LQWHUSUHWDWLRQ RI WKH VXOIXU HIIHFWV
FKDOOHQJLQJ DW WKLV WHPSHUDWXUH1 $W ORZ WHPSHUDWXUHV/ DQ DGVRUEHU FDWDO\VW·V OLJKW0RII +DELOLW\ WR
FRQYHUW 12[ DW ORZ WHPSHUDWXUHV, DQG VWRUDJH LVVXHV DUH PRUH SURQRXQFHG/ PDNLQJ LW GLIILFXOW WR
IDFWRU LQ YDULDWLRQV LQ WKHVH SDUDPHWHUV/ SRWHQWLDOO\ FRQWULEXWLQJ WR WHVW0WR0WHVW DQG DGVRUEHU VDPSOH0
WR0VDPSOH SHUIRUPDQFH YDULDELOLW\1

$QRWKHU DVSHFW RI WKH WHVW SURJUDP WKDW ZRXOG DGYHUVHO\ DIIHFW WKH DGVRUEHU FDWDO\VWV· DELOLWLHV WR
FRQYHUW 12[ DW ORZ WHPSHUDWXUHV LV WKH IDFW WKDW GXULQJ WKH WHVW SURJUDP/ DQ HQJLQH VSHHG RI
6/333USP ZDV PDLQWDLQHG IRU DOO WHVWLQJ1 7KHVH HQJLQH VSHHGV UHVXOW LQ KLJKHU WKDQ QRUPDOO\
H[SHFWHG FDWDO\VW VSDFH YHORFLWLHV +D IXQFWLRQ RI H[KDXVW IORZ, DW ORZ HQJLQH RSHUDWLQJ WHPSHUDWXUHV1
$OWKRXJK VSDFH YHORFLWLHV DUH QRW DV FULWLFDO WR FDWDO\VW SHUIRUPDQFH DW KLJKHU WHPSHUDWXUHV/ WKH\ FDQ
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VLJQLILFDQWO\ KDPSHU WKH DELOLW\ RI WKH FDWDO\VW WR FRQYHUW 12 WR 125 DW ORZ WHPSHUDWXUHV ZKHUH WKH
UHDFWLRQV DUH PDVV0WUDQVIHU OLPLWHG/ DJDLQ DGYHUVHO\ DIIHFWLQJ WKH DGVRUEHU FDWDO\VWV· FRQYHUVLRQ
HIILFLHQFLHV1 ,Q SUDFWLFH/ ORZ H[KDXVW JDV WHPSHUDWXUHV DUH DVVRFLDWHG ZLWK ORZHU HQJLQH VSHHGV/
KHQFH ORZHU FDWDO\VW VSDFH YHORFLWLHV1 7KHUHIRUH/ KLJKHU FRQYHUVLRQ HIILFLHQFLHV ZRXOG EH DQWLFLSDWHG
LQ WKHVH ORZ WHPSHUDWXUH UHJLRQV WKDQ ZHUH IRXQG LQ WKLV WHVW SURJUDP1 )XUWKHUPRUH/ FKDQJHV LQ
DGVRUEHU FDWDO\VW SHUIRUPDQFH GXH WR QRUPDO DGVRUEHU FDWDO\VW DJLQJ ZRXOG EH PRUH SURQRXQFHG DW
633(& +HVSHFLDOO\ LQ FRPELQDWLRQ ZLWK KLJK VSDFH YHORFLWLHV, WKDQ DW KLJKHU WHPSHUDWXUHV1

,Q RUGHU WR EHWWHU KLJKOLJKW WKH SHUIRUPDQFH FDSDELOLW\ RI 12[ DGVRUEHU FDWDO\VW WHFKQRORJ\ DW ORZHU
WHPSHUDWXUHV/ H1J1/ 633(&/ D GLIIHUHQW ULFK HQJLQH FDOLEUDWLRQ VWUDWHJ\ IRU DGVRUEHU 12[ UHJHQHUDWLRQ
+DFFRXQWLQJ IRU VSDFH YHORFLWLHV/ DQWLFLSDWHG DJLQJ/ DQG KLJKHU 12[ FRQYHUVLRQ HIILFLHQFLHV,/ SHUKDSV
PRUH VLPLODU WR WKH FDOLEUDWLRQ XVHG WR JHQHUDWH WKH UHVXOWV LQ )LJXUH 61406/ DV ZHOO DV GLIIHUHQW
OHDQ2ULFK PRGXODWLRQV FRXOG EH LQYHVWLJDWHG1 )RU H[DPSOH/ FRQVLGHU WKH OHDQ2ULFK PRGXODWLRQ
VFKHGXOH RXWOLQHG LQ 7DEOH 61404 +RQ SDJH 43,1 $V VKRZQ DW ORZ WHPSHUDWXUHV ZKHUH WKH UDWHV RI
GHVRUSWLRQ DUH VORZHVW/ WKH WLPH WKH HQJLQH ZDV RSHUDWHG ULFK IRU DGVRUEHU FDWDO\VW UHJHQHUDWLRQ
UDQJHG IURP 5 WR 6 VHFRQGV1 ,QFUHDVLQJ WKLV WR D 70VHFRQG LQWHUYDO/ DV ZDV WKH FDVH IRU WKH KLJKHU
WHPSHUDWXUHV/ PD\ KDYH UHVXOWHG LQ PRUH FRPSOHWH GHVRUSWLRQ/ WKHUHE\ LQFUHDVLQJ FDWDO\VW
FRQYHUVLRQ HIILFLHQFLHV1 ,W LV DOVR SRVVLEOH WKDW WKH DGGLWLRQDO IXHO HFRQRP\ SHQDOW\ DVVRFLDWHG ZLWK
WKLV FKDQJH FRXOG KDYH EHHQ RIIVHW E\ GHFUHDVLQJ WKH ULFK UXQQLQJ WLPH DW KLJKHU WHPSHUDWXUHV ZKHUH
WKH UDWH RI GHVRUSWLRQ LV LQKHUHQWO\ PRUH UDSLG ZLWKRXW VLJQLILFDQWO\ DIIHFWLQJ FRQYHUVLRQ HIILFLHQFLHV
DW WKH KLJKHU WHPSHUDWXUHV1

$QRWKHU PHWKRG DYDLODEOH WR LQFUHDVH ORZ WHPSHUDWXUH FRQYHUVLRQ HIILFLHQFLHV +LQ SUDFWLFH, ZRXOG EH
WR LQFOXGH D OLJKW0RII FDWDO\VW1 7KLV ZDV QRW LQYHVWLJDWHG DV D SDUW RI 3KDVH 4 RI WKH WHVW SURJUDP1

$OWKRXJK QRW D SDUW RI 3KDVH 4/ WKH LQYHVWLJDWLRQ RI HQJLQH ULFK FDOLEUDWLRQ DQG OHDQ2ULFK PRGXODWLRQ
VWUDWHJLHV GHYHORSHG IRU DQ DGVRUEHU FDWDO\VW WKDW KDG DOUHDG\ EHHQ WKHUPDOO\ DJHG PD\ KDYH
SURGXFHG GDWD VKRZLQJ VLJQLILFDQWO\ LPSURYHG DGVRUEHU FDWDO\VW SHUIRUPDQFH DW DOO WHPSHUDWXUHV1
$JLQJ WKH FDWDO\VW RYHU WKH WHVW F\FOHV XVHG DV D SDUW RI 3KDVH 4 PD\ KDYH FDXVHG VRPH SUHFLRXV
PHWDO VLQWHULQJ DQG ORVV LQ FDWDO\VW VXUIDFH DUHD GXH WR WKH H[KDXVW JDV WHPSHUDWXUHV JHQHUDWHG1 $Q\
VLQWHULQJ RI WKH SUHFLRXV PHWDOV DQG ORVV LQ WKH FDWDO\VW VXUIDFH DUHD ZRXOG KDYH DIIHFWHG WKH DELOLW\
RI WKH FDWDO\VW WR ERWK VWRUH DQG FRQYHUW 12[ HPLVVLRQV1 6KRUWHQLQJ WKH OHDQ UXQQLQJ WLPH ZLWK D
FRUUHVSRQGLQJ GHFUHDVH LQ WKH WLPH WKH HQJLQH LV UXQ ULFK +WR SUHVHUYH WKH IXHO HFRQRP\ SHQDOW\
WDUJHW RI 7( RI WKH OHDQ2ULFK PRGXODWLRQ VFKHGXOH VKRZQ LQ 7DEOH 61404, FRXOG SRVVLEO\ KDYH
DFFRXQWHG IRU DQ\ ORVV LQ SHUIRUPDQFH GXH WR DQWLFLSDWHG WKHUPDO DJLQJ1

3.1.4 Analysis of NOx Conversion Efficiency versus Adsorber Catalyst Age and Fuel
Sulfur Level

7KH VWDWLVWLFDO VLJQLILFDQFH RI WKH FKDQJH LQ 12[ FRQYHUVLRQ HIILFLHQF\ +&(, ZDV WHVWHG XVLQJ D
VWDWLVWLFDO PRGHO WKDW DVVXPHV WKH ORJ RI 12[ HPLVVLRQV +SSP, KDV D OLQHDU UHODWLRQVKLS ZLWK DGVRUEHU
FDWDO\VW DJH1 7KXV/ LI ; DGVRUEHU FDWDO\VW HPLVVLRQV DQG < HQJLQH0RXW HPLVVLRQV/ WKHQ

&(+DJH,  4 0 ;2<  4 0 H[S +OQ; 0 OQ<,/ DQG OQ; 0 OQ<  LQWHUFHSW . VORSH [ DJH . HUURU1

6HSDUDWH UHJUHVVLRQ PRGHOV ZHUH UXQ IRU HDFK FRPELQDWLRQ RI IXHO W\SH DQG DGVRUEHU FDWDO\VW
WHPSHUDWXUH1 +RZHYHU/ GDWD IURP GLIIHUHQW WHPSHUDWXUHV +IRU WKH VDPH IXHO W\SH, ZHUH DQDO\]HG
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WRJHWKHU LQ RUGHU WR REWDLQ D PRUH UHOLDEOH HVWLPDWH RI WKH HUURU VWDQGDUG GHYLDWLRQV1 7KH GLIIHUHQFH
EHWZHHQ DGVRUEHU FDWDO\VWV D DQG E ZDV WUHDWHG DV D UDQGRP HIIHFW1

7KHUH DUH VLJQLILFDQW DJH HIIHFWV DW WZR RI WKH WKUHH WHPSHUDWXUHV ZLWK 60 DQG 630SSP VXOIXU IXHO1 $
SRVLWLYH VORSH IRU OQ+;2<, LQGLFDWHV D GRZQZDUG WUHQG LQ &( YHUVXV DJH1 7KH LQWHUFHSW DQG VORSH
UHVXOWV DUH LQFOXGHG LQ 7DEOH 614051 7KH ODFN RI VWDWLVWLFDO VLJQLILFDQFH ZLWK 490SSP IXHO LV GXH WR WKH
LQIODWHG HUURU HVWLPDWH FDXVHG E\ WKH XQXVXDO UHVXOWV DW DJH 3 DQG 83 KRXUV1 6LPLODU DQDO\VHV ZHUH
SHUIRUPHG ZLWK VHYHUDO VXEVHWV RI GDWD +H1J1/ ZLWKRXW ]HUR0KRXU GDWD, DQG ZLWK GLIIHUHQW
WUDQVIRUPDWLRQV DSSOLHG WR WKH GDWD1 (DFK DQDO\VLV DSSURDFK SURGXFHG VOLJKWO\ GLIIHUHQW UHVXOWV +L1H1/
GLIIHUHQW VORSHV ZHUH VWDWLVWLFDOO\ VLJQLILFDQW,1 +RZHYHU/ WKH VDPH JHQHUDO FRQFOXVLRQV ZHUH UHDFKHG
HDFK WLPH= 12[ FRQYHUVLRQ HIILFLHQF\ GHFUHDVHV ZLWK DJH/ DQG WKH GHJUDGDWLRQ UDWH LV JUHDWHU ZLWK
WKH KLJKHU VXOIXU IXHOV1

7DEOH 61406 DOVR FRQWDLQV/ IRU HDFK FRPELQDWLRQ RI IXHO VXOIXU OHYHO DQG LQOHW WHPSHUDWXUH/ WKH
SUHGLFWHG FRQYHUVLRQ HIILFLHQF\ DW DJHV ]HUR DQG 483 KRXUV/ DQG WKH DJH DW ZKLFK WKH SUHGLFWHG
FRQYHUVLRQ HIILFLHQF\ ZRXOG EH 83( RI WKH LQLWLDO +DJH ]HUR, OHYHO1 ,Q VRPH FDVHV/ WKH ODWWHU YDOXH
GRHV QRW H[LVW EHFDXVH WKH SUHGLFWHG FRQYHUVLRQ HIILFLHQF\ LQFUHDVHV ZLWK DJH +DOWKRXJK WKH LQFUHDVH
LV QRW VWDWLVWLFDOO\ VLJQLILFDQW,1

3UHGLFWHG FRQYHUVLRQ HIILFLHQFLHV DW DJHV ]HUR DQG 483 KRXUV ZHUH DYHUDJHG DFURVV WKH WKUHH
WHPSHUDWXUHV WR GHWHUPLQH WKH ´LQWHJUDWHGµ SHUFHQW FKDQJH LQ FRQYHUVLRQ HIILFLHQF\1 7KHVH YDOXHV
UDQJH IURP 53( ORVV LQ FRQYHUVLRQ HIILFLHQF\ ZLWK 60SSP VXOIXU IXHO WR ;:( ORVV ZLWK 630SSP VXOIXU
IXHO1 ,I WKH DYHUDJH ZHUH WR EH WDNHQ RYHU RQO\ WKH 733( DQG 783(& GDWD/ WKH UHVXOW ZRXOG EH 44/ 7:
DQG 433( GHJUDGDWLRQ IRU WKH 60/ 490/ DQG 630SSP VXOIXU GDWD VHWV/ UHVSHFWLYHO\1 2QFH DJDLQ/ 12[
FRQYHUVLRQ HIILFLHQF\ GHFUHDVHV ZLWK DJH DQG WKH GHJUDGDWLRQ UDWH LV JUHDWHU ZLWK WKH KLJKHU VXOIXU
IXHOV1

Table 3.1-3.  Results of Statistical Evaluations of NOx Conversion Changes as a Function of Age
and Fuel Sulfur Level

Fuel Sulfur Temperature Predicted Predicted 150-Hour Age at
Level
(ppm)

((C) CE(0) CE(150) Decay (%) 50% Change
(hours)

Intercept Slope

3 300 44.4 26.0 177 4.019 0.0019
3 400 38.4 45.3 . 4.121 -0.0008
3 450 66.0 47.4 234 3.527 0.0029

Average 49.6 39.6 20 206 3.89 0.0013
16 300 36.8 17.2 142 4.147 0.0018
16 400 62.7 35.0 165 3.620 0.0037
16 450 56.7 27.9 148 3.788 0.0034

Average 52.0 26.7 49 152 3.89 0.0030
30 300 16.6 17.8 . 4.424 -0.0001
30 400 54.9 4.5 95 3.809 0.0050
30 450 60.3 -5.2 87 3.681 0.0065

Average 43.9 5.7 87 91 3.89 0.0038
%ROG LQWHUFHSW DQG VORSH QXPEHUV LQGLFDWH VWDWLVWLFDO VLJQLILFDQFH DW WKH <8( FRQILGHQFH OHYHO1
3UHGLFWHG &(+DJH,  433 0 H[S ^LQWHUFHSW . VORSH [ DJH `
$JH DW 83( GHFD\  6ROXWLRQ WR SUHGLFWHG &(+DJH,  318 [ SUHGLFWHG &(+3,
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3.1.5  Preliminary Emissions Summary for the NOx Adsorber Catalyst

6PRNH WHVWLQJ ZDV SHUIRUPHG DV D SDUW RI WKH WHVW SURJUDP WR LQVXUH WKDW WKH FDOLEUDWLRQ HPSOR\HG LQ
WKH WLPLQJ PRGXODWLRQ F\FOH GLG QRW UHVXOW LQ WKH H[FHVVLYH SURGXFWLRQ RI VPRNH1 6PRNH +%RVFK
1XPEHU, ZDV PHDVXUHG GRZQVWUHDP RI WKH DGVRUEHU FDWDO\VW1 7KH VPRNH UHDGLQJ VKRZHG QR
REYLRXV VHQVLWLYLW\ WR DGVRUEHU FDWDO\VW DJLQJ/ RU WR WKH IXHO VXOIXU OHYHO IURP 6 WR 49 WR 63 SSP1

7KH HQJLQH SURGXFHV H[WUHPHO\ HOHYDWHG OHYHOV RI &2 DQG +& GXULQJ WKH ULFK RSHUDWLQJ SHULRGV/
LQFUHDVLQJ WKH ULFK2OHDQ DYHUDJH &2 FRQFHQWUDWLRQ E\ D IDFWRU RI 818/ DQG WKH +& E\ D IDFWRU RI 44/
UHODWLYH WR WKH OHDQ0RQO\ DYHUDJH FRQFHQWUDWLRQV LQ WKH H[KDXVW1 7KH &2 DQG/ WR D OHVVHU H[WHQW/ WKH
+&/ DFW DV UHGXFWDQWV WR UHGXFH WKH 12[ IURP WKH DGVRUEHU1 %RWK &2 DQG +& PD\ DOVR EH R[LGL]HG
WR &25 DFURVV WKH R[LGDWLRQ FDWDO\VW1

7KH &2 FRQYHUVLRQ DFURVV WKH IUHVK DGVRUEHU FDWDO\VWV LV W\SLFDOO\ ;3( WR <8(/ ZKHUHDV WKH +&
FRQYHUVLRQ LV JHQHUDOO\ LQ WKH UDQJH RI 93( WR ;3(1 7KHUH LV VLJQLILFDQWO\ PRUH YDULDELOLW\ LQ WKH +&
FRQYHUVLRQ WKDQ LQ &2 FRQYHUVLRQ1 1HLWKHU WKH &2 RU +& FRQYHUVLRQ VKRZV D VWURQJ UHVSRQVH WR
WKH IXHO VXOIXU OHYHO/ EXW ERWK WHQG WR GHJUDGH ZLWK FDWDO\VW DJLQJ1 7KH DJLQJ HIIHFW LV ODUJHU ZLWK 490
DQG 630SSP VXOIXU IXHO WKDQ LW LV IRU 60SSP VXOIXU IXHO1 7KH FKDQJHV LQ &2 DQG +& FRQYHUVLRQ DUH
PXFK ORZHU WKDQ WKH 12[ UHVSRQVHV WR DJH RU WR IXHO VXOIXU OHYHO1 ,Q JHQHUDO/ WKH &2 DQG +&
FRQYHUVLRQ HIILFLHQFLHV UHPDLQ DERYH 93(/ HYHQ DW WKH KLJKHVW VXOIXU OHYHO DQG WKH KLJKHVW DJLQJ
OHYHOV HYDOXDWHG1
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Section 4

Interim Conclusions

4.1 NOx  Adsorber Catalyst Interim Conclusions

7KH WHVW SURJUDP·V LQWHULP UHVXOWV +LOOXVWUDWHG LQ )LJXUH 71404, LQGLFDWH WKDW=

• )LJXUH 71404 LOOXVWUDWHV WKH HIIHFW RI IXHO VXOIXU RQ UHODWLYH 12[ FRQYHUVLRQ HIILFLHQFLHV DW 733(
DQG 783(& DIWHU 483 KRXUV RI WHVWLQJ1 &RPSDUHG WR 60SSP VXOIXU IXHO DW 483 KRXUV/ ERWK 490
DQG 630SSP VXOIXU IXHOV UHVXOWHG LQ VLJQLILFDQW SHUIRUPDQFH GHFOLQHV1

• $OWKRXJK WHVWLQJ ZLWK 60SSP VXOIXU IXHO VKRZHG DQ LQLWLDO GHFOLQH LQ DGVRUEHU FDWDO\VW
SHUIRUPDQFH/ WKH SHUIRUPDQFH VXEVHTXHQWO\ DSSHDUHG WR VWDELOL]H/ RXW WR WKH 5830KRXU SHULRG1
)XUWKHU DJLQJ ZRXOG EH UHTXLUHG WR GHWHUPLQH DGYHUVH DIIHFWV RI 60SSP VXOIXU IXHO EH\RQG WKLV
SRLQW1
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Figure 4.1-1. Effect of increasing fuel sulfur level on relative NOx conversion efficiency for
150-hour aged NOx adsorber catalyst evaluated at 400((((and 450 °°°°C

• )UHVK 12[ DGVRUEHUV DUH FDSDEOH RI SURYLGLQJ KLJK 12[ FRQYHUVLRQ OHYHOV +H1J1/ PRUH WKDQ ;3(,
DFURVV D EURDG UDQJH RI RSHUDWLQJ WHPSHUDWXUHV ZKHQ FRXSOHG ZLWK DQ RSWLPL]HG HQJLQH ULFK
UHJHQHUDWLRQ FDOLEUDWLRQ/ ZKLOH PDLQWDLQLQJ D IXHO HFRQRP\ SHQDOW\ RI OHVV WKDQ 7(1
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7KH LQLWLDO FDOLEUDWLRQ RI WKH HQJLQH PDQDJHPHQW V\VWHP GLG QRW DFKLHYH WKH GHVLUHG OHYHO RI 12[
FRQYHUVLRQ SHUIRUPDQFH DFURVV WKH UDQJH RI RSHUDWLQJ WHPSHUDWXUHV1 0D[LPXP HIILFLHQF\ ZDV
DFKLHYHG DW 783(& DQG ZDV ORZHU WKDQ WKH GHVLUHG OHYHO/ ERWK EHORZ DQG DERYH WKLV WHPSHUDWXUH/ DV
VKRZQ LQ )LJXUH (6051 7KH UHYLVHG FDOLEUDWLRQ/ HVWDEOLVKHG DIWHU DJLQJ WHVWV ZHUH FRPSOHWHG/
SURGXFHG LPSURYHG FRQYHUVLRQ HIILFLHQF\1
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Figure 4.1-2. NOx conversion efficiency with initial and revised engine calibration strategies and
identical rich/lean timing


